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ABSTRACT

With the use deployable drones becoming more common research into their improvement is
necessary. Deployable drones that are launched from tubes have size limits on the diameter of
the propeller during launch and storage. The purpose of this research is to develop deployable
propeller blades for practical uses, such as tube launched propeller driven drones and easier to
transport wind turbine blades. A deployable propeller will allow for the utilization of larger
propellers when a large non-deployable blade isn’t an option. Because deployable propellers
need to fold, the deployable propeller blades were designed to be hollow and with a slit across
the leading and trailing edges of the blades. Because of this unique design, a deployable
propeller is not as structurally sound as a conventional propeller, and it requires pressure
distributions to be sure the propeller can withstand operation without becoming deformed and
compromised. My work will focus on using Computational Fluid Dynamics (CFD) modeling and
physical testing to test the aerodynamic design concerns of the deployable propeller, the effects
of the unique design requirements on its aerodynamics, and developing a model to quantify the
aerodynamic drivers of the deployable propeller. The results indicated that the modifications
used to make the propeller deployable did not prevent the propeller from functioning properly
and that the model was accurate enough to be used as a method for testing potential designs
before manufacturing and physically testing prototypes.
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CHAPTER ONE: INTRODUCTION

The use of propellers to successfully drive aircraft has been around since 1852 when Henri
Gifford used a propeller to fly a dirigible air ship. (Hitchens, 2015) The propeller used was very
rudimentary when compared to modern propellers. Since 1852 there have been many advances in
propeller design including airfoil design and the use of equations to determine the different
parameters of a propeller including pitch, twist, blade length. Despite the improvements to
propellers over the years, other forms of aircraft propulsion have become dominant. In military
applications such as fighter jets and commercial applications such as passenger planes, jet
engines have become the norm. Propellers remain in use for other aircraft due to their relatively
low cost, this is true many recreational aircraft use propellers for propulsion.
Over recent years electric aircraft have gained popularity and propellers are used for propulsion
of electronic aircraft. The use of electric power for propulsion has allowed for the development
of smaller unmanned aerial systems with a variety of uses. AeroVironment is a company that has
used the decrease in size to develop unmanned aerial systems that are deployable. The
deployable unmanned aerial systems are deployed using a variety of methods, with some being
deployed by hand, while others are deployed by being launched from a tube whether from a
vehicle or a self-contained launcher. The purposes of these drones vary from intelligence
gathering to missiles.
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Figure 1: Image of a deployed Blackwing developed by AeroVironment. (AeroVironment)
The Blackwing unmanned aerial system seen in Figure 1 is meant to be launched from ship
surfaces, ground vehicles, and can even be launched from a submarine. The Blackwing was
developed for rapid response intelligence and parameters such as flight time and range are
important to for the performance of the unmanned aerial system. Due to the need for the
Blackwing to be launched from a tube, the propeller must fit inside a specified diameter, which
for the Blackwing is 3 inches. To allow for a larger propeller despite the size restrictions the
propeller blades are attached to the hub using pins that allow the propeller blades to be rotated in
line with the drone when in the tube and the blades are deployed along with the drone, however
the size of the blades is still limited.
This work focuses on an alternate form of deployable propeller that has the propeller blades
themselves roll or fold up instead of the propeller blades being rigid. This would allow for larger
2

propellers and not require as large of a gap behind the deployable drone during launch. The
alternative design is also being considered as a method for developing wind turbine blades for
easier transportation of the blades to the site of construction.
The main concerns of this work include the impact making the propeller blades deployable has
on performance and quantifying the aerodynamic drivers of the deployable propeller accurately
using CFD modeling.
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CHAPTER TWO: MODELLING METHODS

Directly Resolved Propeller CFD
Geometry
The directly resolved model is used to simulate the propeller fully and to obtain pressure
distributions. The Control Volume is set up using the propeller as the center and the propeller
radius for sizing. With the propeller in the center the Control Volume is set up as a cylinder with
a height of twenty times the radius of the propeller and a radius of ten times the propeller radius.
The reason for these dimensions is to have room for the inflow and wake to form inside the
control volume.
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(a)

(b)

(c)

Figure 2: Propeller geometry top view (a), side view (b), and front view (c).
For the propellers tested, the main dimensions of the propeller are show in Figure 2: c is the
chord of the propeller, l is the blade length, r is the propeller radius, h is the hub radius, θ is the
pitch measured at the hub with zero being horizontal, and 𝜓 is the twist of the propeller blade.
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Figure 3: Solid propeller
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Table 1: Solid propeller dimensions
Dimension

Value

Hub radius

0.6 inch (0.015245
meters)

Chord

1.2 inch (0.03049
meters)

Blade

4.8 inch (0.12192

length

meters)

Pitch

20 degrees

Twist

7.5 degrees
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Figure 4: Deployable propeller
Table 2: Deployable propeller dimensions
Dimension

Value

Hub radius

1 inch (0.0254 meters)

Chord

2 inches (0.0508 meters)

Blade length

6 inches (0.1524 meters)

Pitch

20 degrees

Twist

5.625 degrees

Gap thickness

0.0118 inches (0.0003 meters)

Skin thickness 0.0118 inches (0.0003 meters)
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Figure 5: Control volume for directly resolved method.
For static cases all the exterior boundaries are set up as pressure outlets with extrapolated
backflow. Due to the flow being driven by the propeller and not an inlet, the extrapolated
backflow allows for more accurate simulation of the incoming flow through the pressure outlets.
When in forward flight cases, the front of the control volume, left face in Figure 5, is set as a
velocity inlet. The propeller surface is set as a wall in the center of the control volume. To
simulate the rotation of the propeller, a rotating reference frame was used to rotate the control
volume around the stationary propeller in the opposite direction the propeller rotated in
experimentation.
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CFD Equations
StarCCM+ was used for all of the CFD modeling (Siemens Industries Digital Software, 2020).
For the directly resolved propeller model the Navier Stokes conservation equations are used as a
starting point. They are further modified based on the assumptions made and the solvers used.
(Bardina, 1997)
Conservation of mass
𝜕𝜌
𝜕𝑡

𝜕

(1)

+ 𝜕𝑥 (𝜌𝑢𝑗 ) = 0
𝑗

Conservation of momentum
𝜕𝜌𝑢𝑖
𝜕𝑡

𝜕

(2)

+ 𝜕𝑥 (𝜌𝑢𝑗 𝑢𝑖 + 𝑝𝛿𝑖𝑗 − 𝜏𝑖𝑗 − 𝜌𝑓𝑖 ) = 0
𝑗

Conservation of energy
𝜕𝑒

𝜕

(3)

+ 𝜕𝑥 [𝑢𝑗 (𝑒 + 𝑝) − 𝑢𝑖 𝜏𝑖𝑗 − 𝑞𝑗 ] = 0
𝜕𝑡
𝑗

Perfect gas equation

(4)

𝑝 = 𝑅𝜌𝑇
The stress 𝜏𝑖𝑗 is a combination of the laminar and turbulent stresses
𝜏𝑖𝑗 = 𝜏𝑙𝑖𝑗 + 𝜏𝑡𝑖𝑗

(5)

𝜏𝑙𝑖𝑗 = 2𝜇(𝑆𝑖𝑗 − 𝑆𝑛𝑛 𝛿𝑖𝑗 /3)

(6)

𝜏𝑡𝑖𝑗 = 2𝜇𝑡 (𝑆𝑖𝑗 − 𝑆𝑛𝑛 𝛿𝑖𝑗 /3) − 2𝜌𝑘𝛿𝑖𝑗 /3

(7)
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The mean strain tensor is found using
𝜕𝑢

1 𝜕𝑢

𝑆𝑖𝑗 = 2 (𝜕𝑥 𝑖 + 𝜕𝑥𝑗 )
𝑗

(8)

𝑖

The heat flux rates
𝜕𝑇

𝑞𝑗 = 𝑞𝑙𝑗 + 𝑞𝑡𝑗 = −(𝜅 + 𝜅𝑡 ) 𝜕𝑥

(9)

𝑗

The Reynolds averaged versions of Eq 7 and 9 are shown in Eq 10 and 11.
𝜏𝑖𝑗 = 2((𝜇 + 𝜇𝑡 )/𝑅𝑒∞ )(𝑆𝑖𝑗 − 𝑆𝑛𝑛 𝛿𝑖𝑗 /3) − 2𝜌𝑘𝛿𝑖𝑗 /3
𝛾

𝑞𝑗 = − (

)

1

(

𝜇

𝛾−1 𝑅𝑒∞ 𝑃𝑟

+

𝜇𝑡

)

𝜕𝑇

( 10 )
( 11 )

𝑃𝑟 𝜕𝑥𝑗

Since propeller simulations are 3D, the Navier Stokes equations and continuity equation need to
solve for three directions. This is done by limiting i and j to range from 1 to 3 setting the
equations to have 3 different directions.
The solvers used include segregated and unsteady for the static cases tested. Since the cases
tested are at lower Mach numbers, the flow was assumed to be incompressible making the
density constant throughout the conservation equations
𝜕

𝜕

( 12 )

𝜌 𝜕𝑡 + 𝜌 𝜕𝑥 (𝑢𝑗 ) = 0
𝑗

𝜌

𝜕𝑢𝑖
𝜕𝑡

𝜕

𝜕

( 13 )

+ 𝜌 𝜕𝑥 (𝑢𝑗 𝑢𝑖 ) + 𝜕𝑥 (𝑝𝛿𝑖𝑗 − 𝜏𝑖𝑗 ) = 0
𝑗

𝑗

The turbulence model used was the SST k-ω two-equation model (Menter). This model is a
blend of the standard k-ω and k-ε turbulence models. It was chosen because the model does well
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with the turbulence near walls, has improved modeling of flow separation, and is the best model
for airfoils. (Bardina, 1997)
Kinetic energy equation (Menter, 1994)
𝜕𝑘
𝜕𝑡

+

𝜕
𝜕𝑥𝑗

(𝜌𝑢𝑗 𝑘 − (𝜇 + 𝜎𝑘 𝜇𝑡 )

𝜕𝑘
𝜕𝑥𝑗

( 14 )

) = 𝜏𝑡𝑖𝑗 𝑆𝑖𝑗 − 𝛽𝜌𝜔𝑓 𝑘

Dissipation equation
𝜕𝜔𝑓
𝜕𝑡

𝜕𝜔

𝜕

+ 𝜕𝑥 (𝜌𝑢𝑗 𝜔𝑓 − (𝜇 + 𝜎𝜔𝑓 𝜇𝑡 ) 𝜕𝑥 𝑓 ) = 𝑃𝜔𝑓 − 𝛽𝜌𝜔𝑓2 + 2(1 − 𝐹1 )
𝑗

𝑗

𝜌𝜎𝜔𝑓2 𝜕𝑘 𝜕𝜔𝑓
𝜔𝑓

𝜕𝑥𝑗 𝜕𝑥𝑗

( 15 )

Eq 14 and 15 are used together to model the turbulence where F1 is an equation used to blend the
standard k-ω and k-ε turbulence models.
Eddy viscosity
𝜌𝑘/𝜔𝑓

( 16 )

𝜇𝑡 = 𝑚𝑎𝑥 [1;𝛺

𝑣 𝐹2 /(𝑎1 𝜔𝑓 )]

Where 𝐹2 is a function of wall distance.

Table 3: Directly resolved model conditions
Parameter

Value

Density

1.18415 kg/m^3

Pressure

101325.0 Pa

Dynamic Viscosity

1.85508E-5 Pa-s
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Computational Mesh
In the three-dimensional propeller model, the mesh was made using a Polyhedral Mesher,
Advanced Layer Mesher, and a Surface Remesher. The mesh is setup with a base size of 3.28
times the chord of the propeller along with a target size of 7.3 percent of the radius of the
propeller and minimum size of 0.73 percent of the propeller radius.

Figure 6: Cross section of the mesh around the propeller.
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A volumetric control, surface control and curve control were used for the solid propeller. The
deployable propeller also requires two more surface controls, one for the gaps on the leading and
trailing edges of the propeller and one for the inside of the propeller blades. The volumetric
control was set up around the propeller to refine the volume for the inflow and wake close to the
propeller and is the dense square seen in the center of Figure 6. The volumetric control was set
up as 7.3 percent of the propeller radius.

Figure 7: Mesh of the 6x2 inch deployable propeller showing the refinement curves in
purple.
The curve control was set up on the propeller to refine the edges of the propeller as seen in
Figure 7 using a target size of 0.3 percent of the base size and a minimum size of 0.00006
14

percent of the base size. The surface control over the outer surface of the propeller had a target
size of one percent of the base size and a minimum size of 0.1 percent of the base size. The
interior surface control used a target size of 0.5 percent of the base size with a minimum size of
0.05 percent of the base size. The refinement of the slit on the leading and trailing edges of the
propeller was done using a surface control with a target size of 0.05 percent of the base size and
a minimum size of 0.015 percent of the base size.
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(a)

(b)

Figure 8: Plot of the thrust (a) and torque (b) obtained from a solid propeller directly
resolved simulation verses the base mesh size used.
The mesh refinement study was done for the solid propeller taking the base size and varying it to
determine how fine of a mesh was required to obtain accurate results. The goal was to refine the
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mesh until the change in thrust and torque were both within the tolerances of the experiments.
For the solid propeller a base size of 0.1 m was used even though the mesh was not as fine as it
could have been. The mesh was used due to the increase in accuracy of less than a percent being
considered not worth it when compared to the increase in computational time taken.

(a)

(b)

Figure 9: Plot of the thrust (a) and torque (b) obtained from a deployable propeller directly
resolved simulation verses the target mesh size used for the slit.
17

Since for the deployable propeller, the same mesh was used as the solid propeller with two new
surface controls added, with the gaps being the most impactful parts. Figure 9 shows the
refinement of the surface control of the gaps. At 0.05 percent for the target size, the thrust and
torque of the propeller had minimal change when decreasing the target size, so 0.05 percent of
the base size was used as the target size of the gaps.
2D Airfoil CFD
Geometry
A two-dimensional airfoil CFD model was used to simulate the deployable airfoil used in the
deployable propeller blade.

(a)

(b)

(c)

Figure 10: Outlines of the airfoil designs being tested NACA 4412 (a), the as built NACA
4412 (b), and deployable (c) airfoils.
The airfoil being used to design the deployable airfoil is the NACA 4412. For the model, the
chord of the airfoil was 50.8 millimeters (2 inches) to match the prototype of the deployable
18

propeller blade. Due to the way that the deployable propeller blade is manufactured, the shape of
the NACA 4412 airfoil is thickened. The propeller was manufactured using a mold of the NACA
4412 and laying carbon fiber sheets over the mold, resulting in an increase in thickness of 0.3
millimeters all around the airfoil, which is shown in Figure 10 (b) and is called the as built
NACA 4412. To allow the propeller to fold up, the blades are manufactured using two pieces of
carbon fiber that are each 0.3 millimeters thick and have a gap of 0.3 millimeters between them.
Due to difficulties in manufacturing, the gap is inconsistent, there for a consistent size was
chosen using an average value of the measurements taken of the gaps. The final deployable
airfoil is shown in Figure 10 (c).
For the control volume around the tested airfoils, the front was set up using a semicircle to allow
for the flow angle to be easier to change. The center of the semicircle is also the center of the
control volume and has a radius of five airfoil lengths, while the rear of the control volume is a
rectangle extending five airfoil lengths from the center. The airfoil’s leading edge is two airfoil
lengths ahead of the center.

19

Figure 11: 2-D control volume of the deployable airfoil.
All the airfoil control volumes were setup using the same boundary conditions. The front of the
control volume, outlined in red in Figure 11, is set as a velocity inlet boundary and drives the
flow over the airfoils. The velocity inlet is setup to allow for the flow angle to be designated so
different angles of attack can be simulated without needing to modify the angle of the airfoil in
the geometry, eliminating the need to remesh the model for every angle attack simulated. The
20

boundaries outlined in orange in Figure 11 are set as pressure outlets with extrapolated backflow
to allow for an accurate representation of the air flowing back into the control volume. The
airfoils are set as wall boundaries to represent them as solid objects.
CFD Equations
For the 2-D airfoil model, the equation set is the same as the directly resolved propeller model
except that only the cases near stall were unsteady while the rest were steady, and for all cases
the equations were simplified to two dimensions. For the steady cases, the time derivative is
removed from the equations. To make the equations two dimensional the i and j values are both
limited to values of 1 and 2. The same parameters were used as with the directly resolved
method.
Computational Mesh
The airfoil control volumes were meshed using the polygonal and prism layer meshers. The
reason for the polygonal mesher was that it provided a better mesh of the leading edge of the
airfoil than a quadrilateral or triangular mesh. The polygonal mesh was determined to perform
better by having less distortion to the leading edge of the airfoil, having a smoother curve. The
prism layer mesher was used to get finer mesh on the surface the airfoils to capture boundary
layer interactions. The mesh was made using a base size of 0.005 m which is around 9.8 percent
the chord of the airfoil. The target size was set up as the same as the base size and the minimum
size is set as 10 percent of the base size.

21

(a)

(b)

Figure 12: mesh of the 2-D control volume of the deployable airfoil (a) and of the area
around the airfoil (b).
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The mesh had a surface refinement around the airfoil which included a wake refinement of 5
percent of the base size of the mesh. The wake refinement can be seen in Figure 12 (a) as the
dark path from the airfoil, which is left of center, to the rear of the control volume. Due to the
size of the airfoils the surface control also adjusts the minimum and target size on the surface of
the airfoils, setting the target size to 5 percent and the minimum size to 0.1 percent of the base
size.

Figure 13: Mesh on the leading edge of the deployable airfoil.
𝑅𝑒 =

𝑉∞ ∗𝑐

( 17 )

𝜗
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𝛿=

𝛿=

5∗𝑐

( 18 )

√𝑅𝑒

0.16∗𝑐

( 19 )

1
𝑅𝑒 ⁄7

The last of the changes to the mesh from the surface control was the prism boundary layer
thickness being set to 0.0006 m, which was determined by estimating the airfoil as a flat plate to
get the Reynolds number (Re) using Eq 17, determining that the flow was laminar due to the
Reynolds number being less than the transition Reynolds number of 500,000. Since the flow was
laminar, Eq 18 was used to estimate the boundary layer thickness, while Eq 19 would have been
used if the flow was turbulent.
For the deployable airfoil, a second surface control was needed for the small surfaces at the gaps
in the leading and trailing edges of the airfoil because of the relatively small size of the gaps. The
target surface size of the gaps is set to 0.1 percent of the base size and a minimum size of 0.01
percent of the base size. For the second surface control, the boundary layer thickness was set to
0.000048 meters, determined using the same method as the first control.
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(a)

(b)

(c)

Figure 14: Mesh refinement plots of Lift (a), Drag (b), and Lift to drag ratio (c).
A mesh refinement study was done to determine the base size of the mesh. The mesh base size
was decreased by 50 percent until the change in the three main values was less than one percent.
The lift and drag were used due to them being the forces produced by the airfoils, while the lift to
drag ratio was monitored because it was the main method for comparing the relative performance
of the airfoils.
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Blade Element Method
Geometry
The Blade Element Method was used to test propeller design variations before running a threedimensional model. This method was set up using a rectangular prism that was scaled based off
the propeller size being simulated. Using the propeller centered at the center of the control
volume the boundaries of the control volume are fifteen times the radius away from the center of
the propeller in the radial direction and in front of the propeller, behind the propeller the
boundary was around thirty-seven times the radius. The propeller was represented by a twodimensional virtual disk in the center of the control volume.
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Figure 15: Control Volume for BEM
The BEM control volume was set up using with the flow coming in through a velocity inlet at the
positive y boundary, seen in Figure 15, while the rest of the boundaries were set as pressure
outlets. The reason for using a velocity inlet for the BEM while the directly resolved method did
not was due to the BEM needing a source of flow to operate properly. Without the velocity inlet
the simulation becomes unstable. Since the velocity inlet was being used for static cases that are
not supposed to have any velocity source, the velocity inlet was set as low as possible to let the
simulation run, while the having the least effect possible on the flow.
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CFD Equations

Figure 16: BEM disk from radial resolution Star ccm+

Figure 17: BEM disk from azimuthal resolution Star ccm+
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The standard Blade Element Method breaks the propeller down into rings, shown in Figure 16,
which can be used to find the thrust and torque at each section using the lift and drag coefficients
of the airfoil, which are obtained as polars from negative one hundred eighty to one hundred
eighty for varying Reynolds numbers. To increase the accuracy of the Blade Element Method
Star ccm+ also splits the virtual disk further into azimuthal sections, seen in Figure 17, which
allow the software to account for the impact of the propeller blades on each other as the propeller
rotates.
The Blade Element Method requires airfoil polars from negative 180 to 180 degrees for varying
Reynolds numbers. These polars are used by the Blade Element Method to determine the lift and
drag coefficients at the different sections of the virtual disk which are used in the calculations of
the forces generated from the virtual disk.
The general equations are the same as for the directly resolved method, except the Blade Element
Method was run as steady, removing the time derivatives from the Navier Stokes equations. The
same parameters were used as with the directly resolved method. For the Blade Element Method
the propeller being simulated as a virtual disk requires additional equations to run the simulation.
The equations that are added for the virtual disk are provided in (Leishman, 2006).
𝑈𝑇 = 𝛺𝑦

( 20 )

𝑈𝑃 = 𝑉𝑐 + 𝑣𝑖

( 21 )

𝑈

𝑡𝑎𝑛 𝜙 = 𝑈𝑃

( 22 )

𝑈 = √(𝑈𝑇 )2 + (𝑈𝑃 )2

( 23 )

𝑇
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Blade Element Theory equations

Figure 18: Diagram of Blade Element Theory variables. (Leishman, 2006)
1

𝑑𝑇 = 𝑁𝑏 𝜌𝑈 2 (𝐶𝑙 𝑐𝑜𝑠(𝜙) − 𝐶𝑑 𝑠𝑖𝑛(𝜙))cdy
2

1

𝑑𝑄 = 𝑁𝑏 2 𝜌𝑈 2 (𝐶𝑙 𝑠𝑖𝑛(𝜙) + 𝐶𝑑 𝑐𝑜𝑠(𝜙))cydy
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( 24 )

( 25 )

Blade Element Momentum Theory equations

Figure 19: Diagram of BEM momentum approach. (Ingram, 2011)
𝑑𝑇 = 4𝜋𝜌(𝑉𝑐 + 𝑣𝑖 )𝑣𝑖 ydy

( 26 )

𝑑𝑄 = 2𝜋𝑦 3 𝜌(𝑉𝑐 + 𝑣𝑖 )𝜔dy

( 27 )

The Blade Element Theory equations combined with the Blade Element Momentum Theory
equations are used to calculate the thrust and torque the virtual disk puts on the cells around it.
These forces are then used in the Navier Stokes momentum equations. This process
approximates the effects of the propeller while using fewer resources. However, it does not
account for the flow radially along the virtual disk and uses functions to estimate the tip loss
making it less accurate. The directly resolved model was used as the main model for this
research instead of the Blade Element Model because the Blade Element Model, was less
accurate, had no way to retrieve pressure distributions, and the deployable airfoil polars it
required needed a lot of resources to be generated.
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Computational Mesh
In the Blade Element Method, the mesh was made using a Trimmed Cell Mesher and a Surface
Remesher. Mesh sizes based off a base size of five percent the width of the Control Volume:
target size of one hundred percent and minimum size of ten percent the base size.

Figure 20: Cross section of the mesh of the BEM control volume.
Two volumetric controls were used to refine the mesh. The first volumetric control is set up to
contain the wake and flow into the virtual disk. A cone was used for the geometry of the
volumetric control as the flow was spread out over a larger area going into the virtual disk
compared to leaving the virtual disk. This refinement is twenty percent of the base size.
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(a)

(b)

Figure 21: Mesh refinement of the virtual disk.
A second control volume is set up as a thin cylinder for a refinement of the volume around the
virtual disk. This refinement is 0.25 percent of the base size. This is to allow the software to
break the virtual disk into smaller sections for more accurate results. For the simulations run the
virtual disk was broken into 200 radial sections and 75 azimuthal sections.
Experiments
The primary values to be gathered through the experiments for the propellers were the thrust,
torque, and angular velocity of the propellers. To gather these values a Series 1585 Test Stand
from Tyto Robotics was used. The test stand consists of 3 load cells, one 5-kilogram force load
cell is mounted vertically on the test stand to measure the thrust of the propeller, and the two 2kilogram force load cells are mounted parallel to each other as seen in Figure 22 and measure the
torque. The load cells are attached to the provided circuit board. Through the load cells the test
stand can measure up to 49 N of thrust and 2 Nm of torque, while the erpm sensor on the circuit
board requires a angular velocity of at least 500 rpm (52.4 rad/s) to provide an accurate reading
of the angular velocity. The load cells have a tolerance for the torque of 0.001 Nm and .098 N for
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thrust. The propellers tested were designed to operate within the limits of the test stand. The test
stand is also capable of measuring the current, voltage, power, vibrations, and an estimate of
propeller efficiency.

Figure 22: Test stand used for experimental testing of the propeller.
The test stand uses two wires to connect a power supply to the circuit board. The power supply
used is the Tenma 72-7655 power supply which can supply up to 15 volts and 60 amps. The
motor is a Scorpion SII-4025-330KV, connected to a Scorpion Commander 15V 60A SBEC
ESC (V3) which connects to the circuit board only using the outer two signal wires. The test
stand operates using a USB connected to the circuit board and a computer. The computer uses
the software provided on the Tyto Robotics website (Tyto Robotics, n.d.). The test stand was
calibrated using the instructions in the software provided. The propeller was attached to the
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motor on the test stand which is mounted to the table using bolts and clamps as seen in Figure
23.

Figure 23: 6-inch deployable propeller on the test stand mounted to the table.
For testing, the software was used to control the angular velocity of the propeller by adjusting the
signal sent to the ESC which controlled the angular velocity based on the signal and voltage
provided to the system. The propeller was set to rotate at a specified angular velocity until the
thrust and torque stabilized and then the data was collected for multiple iterations and then the
average values were used to find the experimental thrust and torque of the propeller at the
angular velocities.
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The solid propeller was tested from 255 rad/s to 455 rad/s at 25 rad/s increments. 255 rad/s was
used as the starting point since the propeller was unstable at lower angular velocities and at low
angular velocities the torque was relatively small causing the tolerances of the test stand to
become an issue in the results.
The deployable propeller was tested from 105 rad/s to 355 rad/s at 25 rad/s increments. 355 rad/s
was used as the cut off since the propeller was at risk of structural failure at higher angular
velocities specifically the adhesive attaching the carbon fiber propeller blades to the hub not
holding at the high angular velocities.
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CHAPTER THREE: RESULTS AND DISCUSSION

Airfoil Analysis
From the two-dimensional models of the airfoils, the main results being analyzed were the drag
and lift to determine the effect of the modifications used to make the airfoil deployable and
whether the deployable version of the airfoil is functional or if a redesign was needed.

Figure 24: Drag coefficient of the NACA 4412, as built NACA 4412, and deployable airfoils at
50 m/s for angles of attack from 0 to 15 degrees.
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From Figure 24, the drag coefficient of the standard NACA 4412 is lower than the drag
coefficient of the as built airfoil for most angles of attack, until the airfoils reach higher angles of
attack and start to stall. This increase in drag coefficient will cause a decrease in the performance
of the airfoil, however due to how small the increase in drag is, it was not considered important
enough to change the manufacturing method.
The deployable airfoil was found to have small changes in drag coefficient when compared to
the as built airfoil, due to the gaps on the leading and trailing edges of the deployable airfoil. In
Figure 24 the differences in drag coefficient show to be small. Due to the small difference in
drag the slit is seen to have less of an impact on the drag coefficient than the thickening of the
NACA 4412 airfoil. The main impact of the increase in drag coefficient of the deployable airfoil
on the deployable propeller would be an increase in torque under the same conditions when
compared to a propeller that used the NACA 4412 airfoil instead.
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Figure 25: Lift coefficient of the NACA 4412, as built NACA 4412, and deployable airfoils at
50 m/s for angles of attack from 0 to 15 degrees.
The angle of attack and lift coefficient have a positive correlation for all the airfoils until 12
degrees, where the deployable airfoil starts to have a lower lift coefficient. The NACA 4412 does
not have a lower lift coefficient until 13 degrees and the as built airfoil continues to have
increased lift coefficient until 14 degrees. This shows that adding the gaps to the airfoil lowered
the stall angle of the airfoil, while thickening the airfoil increased the stall angle. Between angles
of attack of 9 and 13 degrees the lift of the deployable airfoil overtakes the lift coefficient of the
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as built airfoil despite the lift coefficient of the deployable airfoil being lower for all other angles
of attack. Overall Figure 25 shows that the airfoils follow similar patterns with small differences
in lift coefficient and stall angle. The deployable airfoil has very similar lift coefficient compared
to the NACA 4412 airfoil at lower angles of attack, but as the angle of attack increases the
deployable airfoil lift coefficient becomes closer to the lift coefficient of the as built airfoil. As
the lift coefficient and drag coefficient both increased, further analysis of the effect of the
thickening of the airfoil was required.
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Figure 26: Lift to drag ratio of the NACA 4412, as built NACA 4412, and deployable airfoils
at 50 m/s for angles of attack from 0 to 15 degrees.
The lift to drag ratio of an airfoil was used as a way of comparing the efficiency of the NACA
4412, as built NACA 4412, and deployable airfoils. Having higher lift to drag ratio shows the
airfoil has a higher efficiency. All three airfoils have their maximum lift to drag ratio at 5 degrees
angle of attack. The deployable airfoil has the lowest maximum and the NACA 4412 airfoil has
the highest maximum, showing that the NACA 4412 has the highest potential efficiency as a
propeller, while the deployable cannot reach as high of an efficiency and the as built airfoil rests
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in between. From Figure 26, the deployable airfoil, despite having a lower maximum lift to drag
ratio, is shown to perform better than the as built airfoil from an angle of attack of 7 to 13
degrees and it performs better than the NACA 4412 at all angles of attack above 9 degrees. The
large range of angles of attack, where the deployable airfoil out preforms the NACA 4412 and as
built airfoils, means that there are propeller designs and operating conditions where a deployable
propeller would perform better than a propeller using the NACA 4412 or as built airfoil. While
there are cases where the deployable would out preform the NACA 4412 those cases are not at
the angles of attack where the airfoils preform best, and other airfoils should be considered for
such cases. When just comparing the NACA 4412 and as built airfoils, the as built airfoil
performs as a less efficient NACA 4412 airfoil. Overall, when comparing the lift to drag ratio of
the deployable verses the as built airfoi,l the as built airfoil preforms better but the deployable
airfoil still functions properly and can be used for propeller design. Due to the deployable airfoil
preforming closely to the NACA 4412 airfoil, the NACA 4412 was considered to be usable as a
substitute when designing the deployable propeller
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(a)

(b)

Figure 27: Pressure distribution of as built (a) and deployable (b) airfoils at an angle of
attack of 2 degrees and 50 m/s.
In the pressure distributions in Figure 27, the main differences at lower angles of attack are a
slightly lower pressure on the upper surface of the as built airfoil when compared to the
deployable airfoil and the pressure buildup inside the deployable airfoil. The high-pressure zone
on the leading edge of the deployable airfoil is located on the leading-edge gap causing the highpressure zone to be split in half. The pressure inside the deployable airfoil is balanced between
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the pressure on the gaps on the leading and trailing edges of the airfoil, resulting in an interior
pressure greater than atmospheric pressure and the trailing edge pressure.

(a)

(b)

Figure 28: Pressure distribution on the leading edge of as built (a) and deployable (b)
airfoil, at an angle of attack of 7 degrees and 50 m/s.
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The deployable airfoil at 7 degrees angle of attack is almost as efficient as the as built airfoil. In
Figure 28 the high-pressure region can be seen to have moved far enough below the opening in
the leading edge to cause a decrease in the difference between the inner and outer area of the
deployable airfoil. When compared to the leading edge of the as built airfoil shown in Figure 28
the main differences are a small pressure build up on the upper edge of the gap on the deployable
airfoil and the interior pressure of the deployable airfoil is both close to atmospheric pressure and
the pressure difference between the leading edge being so much smaller than the at lower angles
of attack such as in Figure 27. All the differences are focused on the interior and the gaps of the
deployable airfoil. Due to how small this pressure buildup is and how little area the pressure
difference affects, there is only a slight loss in lift and drag on the deployable airfoil that results
in the lift to drag ratios of the two airfoils remaining close together.
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(a)

(b)

Figure 29: Pressure distribution on the leading edge of as built (a) and deployable (b)
airfoils at an angle of attack of 11 degrees and 50 m/s.
For the angles of attack that were simulated at 50 m/s the deployable airfoil out performed the as
built airfoil by the largest amount at 11 degrees. In Figure 29 the pressure distributions show the
low-pressure zone is moving closer to the gap in the leading edge of the deployable airfoil. The
interior pressure of the deployable airfoil is lower than at smaller angles of attack ,while not
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being the highest lift to drag ratio for the deployable airfoil, 11 degrees angle of attack is where
the deployable airfoil out preforms the as built airfoil, having higher lift and lower drag resulting
in better performance.
When analyzing the pressure distributions from 0 to 11 degrees it seems as though the higher the
interior pressure of the deployable airfoil when compared to atmospheric pressure, the worse the
deployable airfoil preforms compared to the as built airfoil. Once the interior pressure drops
below atmospheric pressure, the deployable airfoil out preforms the as built airfoil. The problem
with using the correlation of the lower the interior pressure the better the deployable airfoil
preforms in relation to the as built airfoil, is that despite the interior pressure continuing to
decrease after 11 degrees, the deployable airfoil loses its lead over the as built airfoil and the as
built airfoil starts to perform better than the deployable airfoil again. To determine the other
factors affecting the performance of the deployable airfoil higher angles of attack need to be
considered.
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(a)

(b)

Figure 30: Pressure distribution on the leading edge of as built (a) and deployable (b)
airfoils at an angle of attack of 13 degrees and 50 m/s.
When comparing the pressure distributions in Figure 30, the deployable airfoil, despite the
interior pressure continuing to decrease the relative performance, stopped increasing. The lowpressure zone on the deployable airfoil is moving close enough to the gap in the leading edge to
start being affected and the loss in lift works against the increase in lift from the lower pressure
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inside the deployable propeller. From this it can be determined that decreasing the interior
pressure of the deployable airfoil increases the performance until the gaps start to interfere with
the flow over the surface of the airfoil, resulting in an overall loss of performance.
Solid Propeller

Figure 31: Thrust of the solid propeller from the experiment, blade element method, and
directly resolved model.
The thrust of the solid propeller was recorded at varying angular velocities using the test stand
and was compared with both BEM and directly resolved simulations. When observing the thrust
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curves in Figure 31 the experiment thrust curve has the most variation in the curve compared to
the curves of the BEM and directly resolved simulations, however overall, all the methods result
in similar thrust curves.

Table 4: variation in experimental data at 330 rad/s(a) and 305 rad/s(b).
Thrust (N) Torque (N·m)
1.3871547 0.044336416
1.7013533 0.045046695
1.8604649
0.04417283
2.1323293
0.04517436
2.3578349 0.045781795
2.5139718 0.043207315
2.6701088 0.044582974
2.9693903 0.044784767

Thrust (N) Torque (N·m)
1.898884 0.047191238
2.2092221 0.053253315
1.9265308 0.055726755
2.0715128 0.059013869
2.0874907 0.059227622
1.8649269 0.058936209
2.2442181 0.056770719
2.2356332 0.057851571

rad/s
329.9719
330.0767
330.0767
330.0767
329.9719
330.0767
329.9719
330.0767

(a)

rad/s
305.1534
305.5722
305.677
305.3628
305.1534
305.5722
305.5722
305.3628

(b)

In Table 4 the thrust and torque at both 305 and 330 rad/s show the immense thrust variation that
was recorded at 330 rad/s compared to other angular velocities tested. The large variations in
thrust causes 330 rad/s to be the angular velocity with the largest variation from the curve in
Figure 31 when using its average thrust from the over 100 data points gathered from the
experiment at 330 rad/s. While the 330 rad/s thrust values have issues in experimentation, both
BEM and directly resolved models have thrust values consistent with the curve.

50

Figure 32: Percent difference in thrust of the solid propeller comparing the experiment,
blade element method, and directly resolved model.
When considering how the thrust obtained from the experiments at 330 rad/s is unreliable, the
jump in percent difference seen in Figure 32 can be ignored and both the BEM and directly
resolved methods are seen to be within 6 percent difference of the experimental thrust for all
other angular velocities. The low percent difference shows the reliability of the BEM and
directly resolved methods at determining the thrust of the propeller. The percent difference in
thrust of both the Blade Element Method and the directly resolved method when compared with
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the experimental results have less variation at higher angular velocities. Part of the reduction in
variation in percent difference in thrust can be attributed to the tolerances of the test stand being
less impactful at higher angular velocities starting at almost 7 percent and reducing to 2 percent
at 455 rad/s.

Figure 33: Torque of the solid propeller from the experiment, blade element method, and
directly resolved model.
The experimental torque, unlike the thrust, did not have the variation that caused the drop in
thrust at 330 rad/s seen in Figure 31 and as such all the different torque values follow a similar
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curve in Figure 33. The BEM consistently has a lower torque than both the experimental and
directly resolved methods. The lower torque of the BEM showed an issue with the model being
used. Having a consistently lower torque means that the BEM is estimating a lower power
requirement for the propeller to operate.

Figure 34: Percent difference in torque of the solid propeller comparing the experiment,
blade element method, and directly resolved model
Having a consistently lower torque when using BEM is noticeable in Figure 34 with BEM
having a percent difference consistently around 7 percent from both the experimental and
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directly resolved values. While the BEM torque is further off from the experimental values, the
directly resolved model is 6 percent off at most and for most of the angular velocities it is within
2 percent of the experimental values. The percent difference variation in torque of the Blade
Element Method and directly resolved method with the experimental results reduces even more
than for the thrust, which is in part because the tolerances started at 3 percent of the experimental
torque at 255 rad/s and went down to 1 percent at 455 rad/s.

Figure 35: Pressure distribution over the solid propeller from the directly resolved method
255 rad/s.
When looking at the pressure distribution in Figure 35 there is an unexpected low-pressure zone
on the upper rear of the outer edge of the propeller. The low pressure being on the upper rear
causes an increase in drag on the propeller and it being so far out on the propeller causes a large
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increase in torque on the propeller. Due to this low-pressure zone being the result of tip loss and
the tip not being rounded, the BEM method does not account for it properly. The cosine tip loss
correction of BEM cannot account for such changes because it only estimates the loses using a
function and has no way to determine if such an increase would occur.

Figure 36: Torque along the solid propeller comparison of BEM vs directly resolved.
The BEM tip loss can be seen in Figure 36 to cause the torque to drop off rapidly whereas the
directly resolved torque slows down the rate of increase as is expected and then the torque
unexpectedly shoots up at the tip. The spike seen in Figure 36 matches the location of the
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pressure drop seen in Figure 35. Due to the cosine tip loss correction used by the BEM it is
unable to account for abnormal tip loss occurrences such as the one seen with the propeller used
for testing.

Figure 37: Thrust along the solid propeller comparison of BEM vs directly resolved.
The limit of the BEM tip loss correction is not limited to the torque, it also affects the thrust of
the propeller as shown in Figure 37. When looking at the comparison of the BEM thrust along
the propeller to that of the directly resolved method in the BEM the tip loss is estimated to occur
further out than in the directly resolved model. The similar total thrust values are due to the
56

estimate of the BEM only having a decrease in thrust due to tip loss while for the directly
resolved method the thrust almost levels out towards the tip of the propeller. This difference
causes the BEM to have similar results despite it not being able to accurately model the tip loss
with the general tip loss methods. Without a tip loss function made for a propeller configuration
using experimental data to determine where the tip loss occurs and how it develops along the
propeller blade, the BEM has difficulty accurately accounting for the tip loss of the propeller
configurations used in this research. This issue may in part be due to the propeller designs being
kept simple for easier manufacturing.
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Deployable Propeller

Figure 38: Thrust of the deployable propeller from the experiment and directly resolved
model.
The deployable propeller thrust in Figure 38 lines up closely for both the experimental and
directly resolved data. When comparing the thrust as the angular velocity increases, the thrusts of
the methods start to have a larger difference at higher angular velocities. These results follow a
similar pattern to the results of the solid propeller showing, how the modifications made to the
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airfoil shape to make the propeller deployable, and the flexibility did not pose any issues at this
scale.

Figure 39: Percent difference in thrust of the deployable propeller from the experiment and
directly resolved model.
The deployable propeller simulations are within 10 percent difference of the experimental data.
Unlike the solid propeller, the variation in percent difference does not decrease as the angular
velocity increases. For the solid propeller, the thrust percent difference started to converge to a 4
percent difference, while for the deployable propeller the thrust remains varying from 3 to 10
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percent difference. This is due to the deployable propeller deforming as the angular velocity
increases, preventing the percent difference from converging to a value since the propeller blades
are constantly changing shape. However, this is not enough to invalidate the model with the thrust
remaining within 10 percent difference.

Figure 40: Torque of the deployable propeller from the experiment and directly resolved
model.
The experimental torque of the deployable propeller diverges from the directly resolved results at
higher angular velocities, which is seen in Figure 40 after 255 rad/s. This is inconsistent with the
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solid propeller results in Figure 33 where the torque values from the experiments converge with
the directly resolved method at the higher angular velocities.

Figure 41: Percent difference in torque of the deployable propeller from the experiment
and directly resolved model.
The torque percent difference for the deployable propeller was within 13 percent for all of the
tested angular velocities. The large difference in torque of the deployable propeller when
compared to the solid propeller at higher angular velocities is due to the deployable propeller being
flexible, causing the tips of the propeller blades to bend upward, increasing the angle of attack
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along the propeller. While the change in the angle of attack affects both the thrust and torque of
the propeller the torque relies on the drag coefficient while the thrust relies on the lift coefficient.
While both the lift and drag coefficients increase with angle of attack, the drag coefficient
increases faster as the angle of attack increases, while the rate of increase of the lift coefficient
decreases as the angle of attack increases. Another reason for the torque being affected more than
the thrust is that the torque is more reliant on the radius than the thrust. The change in angle of
attack is greatest at the tip of the propeller blade where the torque will be the most affected due to
the dependence.
Comparison

Table 5: CFD comparison of the effect of the different airfoils analysed on propeller
performance at 255 rad/s.
Airfoil

Thrust (N)

Torque (Nm)

NACA 4412

1.42

0.032

As built NACA 4412

1.44

0.0337

Deployable

1.42

0.0326

The CFD comparison of different airfoils being used for the same propeller design as the solid
propeller used in testing are shown in Table 5. The results show that the propeller using the
standard NACA 4412 and the propeller using the deployable airfoil produce the same thrust, while
the propeller using the as built airfoil produced a greater thrust. This is due to the thrust of the
static propeller tests primarily relying on the lift coefficient of the airfoil and the deployable and
standard NACA 4412 have very close lift coefficients at the lower angles of attack. Most of the
62

propeller blade at the angular velocities tested is at lower angles of attack, while the as built airfoil
has a higher lift coefficient for the low angles of attack.
The torque of the propellers is shown to be varied Table 5 for all three airfoils with the propeller
using the NACA 4412 having the least torque and the propeller with the as built airfoil having the
highest torque. The differences in torque aligned with what was expected from the airfoil study.
From the CFD comparison of the propeller using the three different airfoils, it was found that the
differences in the propeller performance matches the difference in the two dimensional study of
the airfoil modifications. Because the airfoil analysis matches the propeller analysis there are no
significant aerodynamic impacts of the airfoil modification outside of the two dimensional lift and
drag impacts.
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Figure 42: Comparison of the thrust along the propellers.
𝐹𝑐 = 𝑚𝛺 2 𝑦

( 28 )

The thrust of both propellers being consistent with each other along the propeller blades as seen
in Figure 42 shows the consistency in lift coefficient along the propeller blade between the two
airfoils. From this the it can be assumed that the airfoils will have the same lift curve slope of
5.73 rads-1. With this and the findings of the 2 dimensional airfoil study it can be seen that the
mass distribution and the structural integrity are the two main concerns left when designing the
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deployable propeller blade. The effect of the mass distribution is shown through centrifugal force
acting on the propeller blades found using Eq 28.

Figure 43: Centrifugal force along the propeller blades.
Due to the deployable propeller having two denser carbon fiber sheets on the blade there is an
increase in the centrifugal forces acting on the propeller blade at the ends where the PLA cores
are holding the sheets together resulting a higher force. The maximum centrifugal force on the
deployable propeller (29.3 N) was 148 percent of the centrifugal force on the propeller using the
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NACA 4412. The centrifugal force of the deployable propeller was 41 times the thrust acting on
the propeller blade.
𝐶𝐿𝛼 =

𝐶𝑙𝛼
𝐶
1+ 𝑙𝛼

( 29 )

𝜋𝐴𝑅

𝛾=

𝜌𝐶𝐿𝛼 𝑐𝑅 4

( 30 )

𝐼𝑏

The Lock number of a propeller represents the ratio of aerodynamic to inertial forces acting on
the propeller and for hingeless rotors should be 5 to 7 (Johnson, 1994).The Lock number is found
using Eq 30, which uses the lift curve slope of a wing given by Eq 29 from (Gudmundsson,
2022). Using the lock number range the moment of inertia of the blades should be between
6.28E-6 and 4.89E-6, however the inertia of the current deployable propeller is 3.11E-5. One of
the largest issues with the current propeller design is that the propeller was cut down for to test if
the deployable propeller could handle the aerodynamic forces. If the propeller were to have a
smaller cored or longer blade length with the same cord the lock number would increase
allowing for a stable flapping characteristic.
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CHAPTER FOUR: CONCLUSION

With electric aircraft becoming more common, the propeller driven aircraft have become smaller
and new uses have been developed. The new use of deployable drones capable of being launched
from tubes limits the size of the propeller. This size limit has been extended using pins to attach
the blades to the propeller hub. While this added length to the propeller without requiring a
larger tube diameter, it requires longer launch tubes. The solution being studied uses propeller
blades capable of rolling up, to reduce the space required in the launch tube, allowing for larger
diameter propellers.
Since the propeller blades need to roll up, the propeller blades required a gap running along the
leading and trailing edges. This gap was a concern due to the possible issues it could cause for
the flow over the propeller blades and its impact on the performance of the propeller. To
determine the impact of the gap, a two dimensional airfoil analysis was done which showed a
minor decrease in performance. The directly resolved method utilized a rotating reference frame
to simulate the rotation of the propeller and provided more accurate results than the Blade
Element Method when compared with experimental results. Using the directly resolved method,
the performance of a deployable propeller when compared to a solid propeller, provided the
same thrust with a small increase in torque, showing it to have a slightly lower performance
similar to what was seen in the two dimensional airfoil analysis.
In the future, structural simulations for the deployable propeller are needed to create a valid
method of determining how the propeller will deform. The structural model could be used in
combination with the CFD models to reduce the number of deployable propellers that need to be
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manufactured for testing. Also, now that the methods have been validated and the gaps in the
deployable propeller have been determined to not be detrimental, more complex propeller
designs can be tested to improve the performance.
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APPENDIX A: ADDITIONAL FIGURES

69

Figure 44: Tip loss of the solid propeller.
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Figure 45: Lift coefficient of the NACA 4412, as built NACA 4412, and deployable airfoils at
200 m/s for angles of attack from 0 to 15 degrees.
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Figure 46: Drag coefficient of the NACA 4412, as built NACA 4412, and deployable airfoils at
200 m/s for angles of attack from 0 to 15 degrees.
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Figure 47: Lift to drag ratio of the NACA 4412, as built NACA 4412, and deployable airfoils
at 200 m/s for angles of attack from 0 to 15 degrees.
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